We have for the first time characterized the heat shock response in mycobacteria both at the level of transcription, by RNA extraction, Northern (RNA) blotting, and hybridization with gene-specific probes for the Mycobacterium tuberculosis 65-and 71-kDa heat shock proteins (HSPs), and at the level of translation, by [35SJmethionine labelling, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and autoradiography. We observed increased synthesis of The heat shock response is a cellular response to stress that is characterized by an increased synthesis of a class of proteins called heat shock proteins (HSPs). These proteins are also synthesized constitutively and perform essential functions during normal cell growth (10, 17). The response is a highly conserved genetic system (11) and can be induced, in part at least, in vitro by many other stimuli, including nutrient starvation, viral infection, contact with heavy metals, and exposure to ethanol, oxidants, UV radiation, amino acid analogs, or DNA-damaging agents (10, 17).
The heat shock response is a cellular response to stress that is characterized by an increased synthesis of a class of proteins called heat shock proteins (HSPs). These proteins are also synthesized constitutively and perform essential functions during normal cell growth (10, 17) . The response is a highly conserved genetic system (11) and can be induced, in part at least, in vitro by many other stimuli, including nutrient starvation, viral infection, contact with heavy metals, and exposure to ethanol, oxidants, UV radiation, amino acid analogs, or DNA-damaging agents (10, 17) .
HSPs are biologically important because they have been implicated in thermotolerance (28) , immunodominance (27) , and autoimmunity (24) . Indeed, an increasing interest in HSPs as factors determining host-pathogen interaction has led to the suggestion that HSPs of pathogenic organisms may play a role in infection and may be virulence factors (9) . Thus, HSPs may provide a link between the stress response, pathogen survival, pathogenesis, and immunity.
However, almost all of our knowledge about the regulation of the prokaryotic heat shock response is derived from Escherichia coli (10, 11, 17, 18, 23, 26) . On the basis of gene sequence homology (27) , several mycobacterial antigens have been identified as homologs of major HSPs in E. coli. Recently, it has been shown by radiolabelling and immunoblotting that the 65-, 71-, and 18-kDa antigens function as HSPs in Mycobacterium smegmatis (22) , M. bovis BCG (14) , and M. habana (8) , respectively, as has also been shown for the 90-, 71-, 65-, 45-, 19-, and 15-kDa proteins of M. tuberculosis (9) . No information about the regulation of the heat shock response in mycobacteria at the level of transcription is available. We have recently developed a method for the extraction and characterization of intact mRNA from slowly growing mycobacteria (19) . Here we characterize the heat shock response in M. bovis BCG both at the transcriptional level, by Northern (RNA) blot analysis of HSP mRNA transcripts, and at the translational level, by protein radiolabelling and sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) analysis.
MATERIALS AND METHODS
Mycobacterial culture. M. bovis BCG (Pasteur strain) was grown at 37°C in Dubos broth base supplemented with 10% Dubos medium albumin (Difco) and harvested in mid-exponential-phase growth at a density of 2 x 108/ml. Mycobacteria were counted by the method previously described (6) .
Heat shock. For RNA extraction, mycobacterial cells were recovered by centrifugation at 2,500 x g for 10 min at room temperature. Bacteria were resuspended in fresh Dubos broth at 1 x 109 to 2 x 109/mi. Portions (1-mI volumes) were incubated in sterile microfuge tubes at 37°C for 1 h to allow recovery before initiating heat shock. For protein labelling, cells were not concentrated; instead, portions (10-ml volumes) of culture in 30-mi sterile plastic universals were used. Heat shock was carried out by incubation at 42, 45, and 48°C for the required length of time, ranging from 10 to 90 min.
[35S]methionine labelling of proteins and SDS-PAGE. De novo protein synthesis in mycobacteria at 37°C and during heat shock was examined by adding L-[35S]methionine (1 p.Ci/ml; Amersham) at time intervals specified in Results. Radioactive labelling was terminated after a chase with 10 mM L-methionine at 37°C for 10 min by chilling the samples on ice for 10 min. The cells were collected and washed twice with phosphate-buffered saline (PBS) containing 1 mM L-methionine. Cells were lysed by homogenization for 5 to 10 min with an equal amount of glass beads (75 to 150 jum; Sigma (20) . After fixing, staining, and equilibration with Amplify (Amersham), gels were fluorographed for 3 to 7 days with preflashed Kodak X-Omat RP X-ray film at -70°C.
RNA extraction, electrophoresis, and Northern hybridization. Total RNA from slowly growing mycobacteria may be extracted by the method described in detail previously (19) . BCG cells were pelleted by centrifugation at 10,000 x g for 30 s. The bacterial pellet was immediately resuspended in 1 rapidly increased with temperature shifts to 45 or 48°C. A transient induction of 65-kDa protein synthesis was observed only when the temperature was shifted from 37 to 42°C, while shifts to 45 and 48°C resulted in reduction of this protein (Fig. 1) .
Densitometry of the autoradiograph revealed an approximately 40-fold maximum increase in the level of the 71-kDa protein after heat shock at 45°C for 30 min, which then gradually diminished. At 42°C, the level of induction was lower, whereas at 48°C, rapid induction followed by complete cessation of protein synthesis was observed. Similar kinetic profiles and levels of expression were observed for the 40-and 90-kDa proteins, although the 40-kDa protein increased only up to 12-fold. The kinetics and levels of expression for the 65-kDa protein were different from those of the other heat-inducible proteins; a maximum sevenfold increase after 15 min was observed after a temperature shift from 37 to 42°C, which returned rapidly to preshift levels. At temperatures above 42°C, synthesis of the 65-kDa protein gradually decreased with time. These data demonstrate that the 65-and 71-kDa proteins are independently regulated.
Despite the quantitative limitations of densitometry of nonuniformly labelled proteins (i.e., methionine labelling) separated only in one dimension, it was of interest to compare the semiquantitative data on the levels of the major HSPs of M. bovis BCG with those reported for M. tuberculosis and E. coli with use of similar methods. At 37°C, the 65-kDa heat shock protein of BCG formed approximately 11% of the [35S]methionine-labelled total cellular proteins, which compares with 10% for M. tuberculosis (9), while its E. coli homolog HSP-60 (GroEL) accounts for only 1.6% of total cell proteins under normal growth conditions (17) . The levels of 40-, 71-, and 90-kDa proteins revealed them to be only minor components (less than 0.5%) of the total protein synthesis at 37°C; after heat shock at 45°C, the 71-kDa protein represented >20% of newly synthesized protein. The finding of no changes induced by heat shock in the stained SDS-PAGE protein profile indicates that these increases in de novo synthesis of heat-inducible proteins represent only a fraction of the total amount of each protein normally present.
Characterization of the heat shock response at the level of transcription. A method for the extraction of structurally intact mycobacterial total RNA has been developed recently in our laboratory, and criteria for the presence of mRNA transcripts within this population have been met (19) . This has allowed us to study the heat shock response in slowly growing mycobacteria at the level of transcription by monitoring the expression of specific mRNA transcripts by Northern blotting, hybridization with radiolabelled genespecific probes, autoradiography, and densitometry. We concentrated our study on the mRNA for the 65-and 71-kDa HSPs because they show differential regulation at the protein level in terms of kinetics of induction and levels of expression.
To determine the kinetics of induction and levels of expression of the 65-and 71-kDa HSP mRNAs, total RNA was extracted from 109 BCG at different time intervals after a temperature shift from 37°C to either 42, 45, or 48°C. As a control, total RNA was extracted from BCG maintained at 37°C. Formaldehyde gel electrophoresis of the total RNA fractions revealed discrete bands for the 23S and 16S rRNAs ( Fig. 2A) . Electrophoretically separated total RNA was transferred to nylon filters by Northern blotting and hybridized with radiolabelled DNA probes for the M. probe (pMBr340), the levels of which did not alter in response to heat (Fig. 2F and I) .
Analysis of the autoradiographs presented in Fig. 2 revealed discrete size classes of mRNA transcripts. Hybridization with the 65-kDa probe (B3115) showed a single band of approximately 2,600 nucleotides (Fig. 2B) , larger than the expected transcript size from this gene sequence (21) . However, variations in transcript size for the 65-kDa mRNA at 45°C (Fig. 2D) and 48°C (Fig. 2G) were observed between experiments. Probing with Y3111b (consisting of the genes for 71-, 40-, and 30-kDa proteins) revealed two bands of approximately 2,000 and 400 to 600 nucleotides and a faint area of hybridization at about 2,900 nucleotides (Fig. 2C) . Probing the Northern blots for heat shock at 45 and 48°C with Y3111a (which contains the gene for the 71-kDa protein only) gave a discrete band of approximately 2,000 nucleotides at 48°C (Fig. 2H ) and two bands of approximately 2,000 and 1,100 nucleotides at 45°C (Fig. 2E) . The band of 2,000 nucleotides would roughly correspond to a gene sequence for the 71-kDa protein, while the lower band of 1,100 nucleotides could be a breakdown product. However, the significance of these mRNA transcript sizes in relation to gene sequences remains to be confirmed. Nevertheless, mRNA can clearly be detected by Northern hybridization, and increased levels of 71-kDa mRNA in response to heat shock can clearly be demonstrated.
Despite mRNA transcript size variation, quantitation by densitometry of autoradiographs revealed major differences between the levels of mRNA for the 71-and 65-kDa proteins. The optical density of the total area of hybridization in each lane (representing the heterogeneity of transcripts due to partial degradation) was corrected for variation in total RNA loaded (hybridization with the 16S rRNA probe) and expressed as fold increases over values for non-heat-shocked controls. Maximum levels of 71-kDa mRNA were induced after 45 min of heat shock at 45°C, with an average increase of 69-fold (n = 4; range, 42-to 85-fold); the levels rapidly rose within 15 min and decreased to a lower level after 1 h. Levels of 65-kDa mRNA increased only to a maximum of fivefold at 45°C before returning to preshift levels, in contrast to the 71-kDa mRNA; the 65-kDa mRNA also showed differences in temperature and kinetic profiles. The 65-kDa mRNA therefore appears to be differentially regulated compared with 71-kDa mRNA in response to heat, a phenomenon also observed at the protein level.
Pretreatment of BCG cultures with rifampin at 1 ,ug/ml (=2 x MIC) for 2 h prior to heat shock reduced heat shockinduced 71-kDa mRNA transcript levels by 90% compared with untreated cultures. Exposure to rifampin for 15 h abolished the response completely at the levels of both protein synthesis and mRNA transcription, indicating a transcriptional level of control for the heat shock response.
DISCUSSION
We have presented experiments that for the first time attempt to characterize the heat shock response in mycobacteria at the levels of both transcription and translation, using M. bovis BCG. We found that the 40-, 65-, 71-, and 90-kDa proteins are the major mycobacterial proteins which are induced in response to heat. Some minor HSPs may exist but cannot be resolved by one-dimensional SDS-PAGE. It may be possible to identify other mycobacterial HSPs by twodimensional gel electrophoresis, as has been demonstrated with Neisseria gonorrhoeae (25) . It should be considered that quantitative data from nonuniform labelling with [35S]methionine and separation on one-dimensional gels impose certain limitations on interpretation, but comparison with results obtained for E. coli (10, 11, 17, 18, 23, 26) by similar methods shows interesting differences in the kinetics of the heat shock response and the levels of expression of HSPs and their respective mRNA transcripts.
The levels of dnaK dnaJ mRNA in E. coli reach a maximum of about 11-fold after 5 min of temperature shift (23) . The levels of 64-kDa protein reached a maximum of about fivefold in 5 min, while its mRNA levels reached a maximum of about threefold in 3 min, after a temperature shift from 30 to 42°C (26) . In contrast, we found that in BCG a maximum increase in the levels of 71-kDa mRNA reached an average of 69-fold in 45 min after a temperature shift from 37 to 45°C. The levels of 65-kDa protein reached a maximum of about sixfold in 15 min, while its mRNA levels reached a maximum of about threefold in 30 min, after a temperature shift from 37 to 42°C. Thus, it is clear that the kinetics of induction for 65-and 71-kDa HSPs and corresponding mRNAs are slower in mycobacteria than in E. coli and that the levels of 71-kDa HSP are considerably higher. Whether such differences are associated with the intracellular and pathogenic life-style of M. tuberculosis or simply reflect differences in generation times needs to be determined.
On the basis of gene sequence homologies with other prokaryotic HSPs, it had been speculated that these proteins in mycobacteria are heat inducible. Our data present strong evidence in favor of these E. coli HSP homologs in mycobacteria functioning as HSPs. Kinetic data indicate that the 71-kDa (DnaK homolog) and 90-kDa proteins are coordinately regulated in response to heat but that the 40-kDa (DnaJ) protein shows lower levels of expression and may be regulated separately (Fig. 1) . The 65-kDa (GroEL homolog) protein, which accounts for a major proportion (11%) of the mycobacterial de novo-synthesized proteins, is regulated independently at higher temperatures compared with the 71-kDa protein in terms of temperature requirements, kinetics of induction, and levels of expression at the levels of both transcription and translation. This finding provides experimental evidence for the suggestion that at least two forms of HSP gene regulation in mycobacteria are operative and that these forms function differently in response to heat. These functional differences may be explained by the presence of consensus sequences for (rE and J32 promoters in dnaK but only a Cu32 promoter sequence in groEL and groES in M. tuberculosis (9) .
Hybridization of Northern blots with DNA probes for the 65-, 71-, 40-, and 30-kDa proteins revealed sizes of mRNA broadly consistent with DNA sequence open reading frames. Although some variation in the size allocation of mRNA transcripts was observed, the important point in the context of this work is that specific mRNA can in fact be analyzed and the increased levels of HSP mRNA induced in response to heat could be detected. Further studies such as S1 mapping or primer extension analysis will clarify the relationship between mRNA transcript sizes and gene sequences. Nevertheless, the appearance of relatively discrete zones of hybridization on the Northern blots that varied in both size and quantity, depending on which gene probe was used, indicates that mRNA transcripts were in fact being extracted and could be quantitated.
An inherent difficulty with mRNA extraction from mycobacteria is the short half-life of prokaryotic mRNA combined with a complex cell wall that is difficult to lyse efficiently.
Immediate sonication and breakage of the cell wall allows rapid equilibration with the guanidium thiocyanate solution. Since this takes a minimum of 3 min from harvest, it is not surprising that partial degradation of mRNA, which is reflected in the size heterogeneity of mRNA transcripts and broad bands on the Northern blots, occurs. A significant proportion of the mRNA appears to be of the correct size and can be quantitated. We have previously demonstrated that mRNA extracted in this way can be further analyzed by cDNA synthesis and polymerase chain reaction amplification (19) , indicating its structural integrity.
We have demonstrated that heat induction of the 71-kDa HSP mRNA and protein synthesis in mycobacteria are abolished by rifampin. Thus, we conclude that in mycobacteria, as in E. coli (26) , a major control mechanism of the heat shock response is operative at the level of transcription.
Because of the low level of incorporation of [35S]methionine into slowly growing mycobacteria such as BCG, which necessitates long radiolabelling times, it is somewhat difficult to compare the kinetics observed at the levels of transcription and translation. Thus, it cannot be precisely demonstrated that mRNA synthesis exactly precedes protein synthesis. The levels of accumulated de novo-synthesized protein are a reflection of protein stability and of the effi-ciency of translation and stability of mRNA. Nevertheless, the results show that 71-kDa HSP synthesis broadly reflects the levels of mRNA after heat shock, and the kinetics of HSP and mRNA induction are closely mirrored. However, the results also show that although the 71-kDa HSP mRNA is present at 48°C for at least 60 min, 71-kDa HSP synthesis ceased after 15 min of heat shock at this temperature. A most likely explanation is that translation is inhibited by prolonged exposure to such high temperatures. It was observed that the 65-kDa HSP mRNA was present at both 45 and 48°C, but that protein synthesis ceased immediately after heat shock at these temperatures. The reason is unknown but may reflect some posttranscriptional regulatory mechanism for the 65-kDa protein. Whether such levels of control operate in mycobacteria remains to be determined.
In terms of the biological significance of the heat shock response in pathogenic microorganisms, it has been shown for a wide variety of bacterial pathogens that virulence factors and other factors which play a role in host-parasite interactions are coordinately regulated with the HSPs. These stress proteins are expressed as overlapping subsets of proteins in response to environmental stimuli likely to be encountered within the infected host (3, 12, 13, 15, 16) . Recently, it has been observed that syntheses of over 30 Salmonella proteins, including GroEL and DnaK HSPs, are selectively induced during infection of macrophages by this organism (1) . Differential expression of a selective class of proteins by Shigellaflexneri in intracellular and extracellular environments has also been reported (5) . Therefore, an ability to characterize the heat shock response in mycobacteria provides an important model for studying the environmental regulation of genes which may have a role in virulence and pathogenicity of mycobacteria in such diseases as tuberculosis and leprosy.
